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We explore an intriguing possibility to test the type-II seesaw mechanism of neutrino mass generation at
the Large Hadron Collider (LHC). We show that the lepton-number-violating signatures of heavy Majorana
neutrinos Ni (for i = 1,2,3) and doubly-charged Higgs bosons H±± can be closely correlated with each
other in a class of TeV-scale type-II seesaw models. Taking the minimal version of such models for
example, we calculate the cross sections of pp → l±α l±β X processes mediated separately by N1 and H±±,
and illustrate their nontrivial correlation at the LHC.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The running of the Large Hadron Collider (LHC) in the com-
ing years will shed light on several fundamental problems in the
Standard Model (SM) and explore possible new physics beyond the
SM [1]. If new physics exists at the TeV scale and is responsible for
the electroweak symmetry breaking, it may also be responsible for
the origin of neutrino masses. The latter is a kind of new physics
which has been ﬁrmly established by a number of neutrino oscilla-
tion experiments in the past decade [2]. Therefore, it is extremely
interesting to see whether some deep understanding of the neu-
trino mass generation and lepton number (ﬂavor) violation can be
achieved at the energy frontier set by the LHC.
A natural and attractive possibility of generating tiny neutrino
masses is to extend the SM by introducing three heavy right-
handed Majorana neutrinos [3] and (or) one Higgs triplet [4]. The
gauge-invariant Lagrangian relevant to lepton masses can then be
written as
−Llepton = l¯LYlHER + l¯LYν H˜NR + 12 N¯
c
RMRNR
+ 1
2
l¯LYΔΔiσ2l
c
L + h.c., (1)
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doi:10.1016/j.physletb.2008.08.003where Δ is the Higgs triplet, and MR is the mass matrix of right-
handed Majorana neutrinos. After the spontaneous gauge sym-
metry breaking, one obtains the mass matrices Ml = Ylv/
√
2,
MD = Yν v/
√
2 and ML = YΔvΔ , where 〈H〉 ≡ v/
√
2 and 〈Δ〉 ≡ vΔ
are the vacuum expectation values (vev’s) of the neutral compo-
nents of H and Δ, respectively. In the leading-order approxima-
tion, the effective mass matrix for three light neutrinos is given by
Mν ≈ ML − MDM−1R MTD. This is the so-called type-II seesaw mech-
anism. If the Higgs triplet Δ is absent, the small mass scale of
Mν can be just attributed to the large mass scale of MR (type-I
seesaw [3]). In the absence of heavy right-handed Majorana neu-
trinos, the small mass scale of Mν implies that the mass scale of
ML must be equally small (triplet seesaw [4]). Another interesting
case is that both terms of Mν are important and their signiﬁcant
cancellation gives rise to small neutrino masses [5]. Direct tests of
such neutrino mass models can be done at the LHC, provided they
work at the TeV scale and predict appreciable collider signatures.
The search for the Higgs triplet and heavy Majorana neutrinos
at the Tevatron and LHC has recently attracted a lot of atten-
tion. For example, a model-independent analysis has been done
in Ref. [6] to probe the same-sign dilepton events induced by
heavy Majorana neutrinos via the most promising channel qq¯′ →
μ±Ni → μ±μ±W∓ . These events signify the lepton number viola-
tion and serve for a clean collider signature of new physics beyond
the SM [7]. In realistic type-I seesaw models, however, the ob-
servability of Ni requires O(MR)  1 TeV and O(MD/MR)  10−3
together with an unnatural cancellation condition MDM
−1
R M
T
D ≈ 0
[8,9]. In a triplet seesaw model, the production of the doubly-
452 W. Chao et al. / Physics Letters B 666 (2008) 451–454charged Higgs bosons H±± only depends on their masses and has
nothing to do with the Yukawa coupling YΔ . It is therefore pos-
sible to discover H±± of O( 1) TeV at the LHC by detecting
H±± → l±α l±β decays [10–13].
Different from those previous works, this Letter aims to investi-
gate possible correlation between the collider signatures of heavy
Majorana neutrinos Ni and doubly-charged Higgs bosons H±± in
a class of realistic type-II seesaw models, in which the smallness
of Mν is ascribed to a signiﬁcant but incomplete cancellation be-
tween large ML and MDM
−1
R M
T
D terms. We shall see that the phe-
nomenology of such a type-II seesaw model is much richer than
that of a type-I seesaw model or a triplet seesaw model at the TeV
scale. In particular, the non-unitarity of the light neutrino mixing
matrix can be closely related to the lepton-number-violating sig-
nals of both Ni and H±± at the LHC. Taking the minimal version of
the type-II seesaw models (with only one heavy Majorana neutrino
N1 in addition to the Higgs triplet Δ) for example, we calculate the
cross sections of pp → l±α l±β X mediated separately by N1 and H±± ,
and illustrate their nontrivial correlation at the LHC. We arrive at
some interesting and encouraging conclusions.
2. The model
If an SU(2)L Higgs triplet is introduced into the SM [4], the
gauge-invariant potential can be written as V (H,Δ) = VSM(H) +
δV , where VSM(H) = −μ2H†H +λ(H†H)2 with H ≡ (ϕ+,ϕ0)T be-
ing the SM Higgs doublet, and
δV = 1
2
M2Δ Tr(Δ
†Δ) − [λΔMΔHT iσ2ΔH + h.c.], (2)
with Δ being deﬁned as
Δ ≡
(
ξ− −√2ξ0√
2ξ−− −ξ−
)
. (3)
When the neutral components of H and Δ acquire their vev’s v
and vΔ , respectively, the electroweak gauge symmetry is spon-
taneously broken. The minimum of V (H,Δ) can be achieved at
v = μ/(λ − 2λ2Δ)1/2 and vΔ = λΔv2/MΔ , where the dimension-
less parameter λΔ has been assumed to be real. Note that vΔ
may affect the masses of W± and Z0 in such a way that ρ ≡
M2W /(M
2
Z cos
2 θW) = (v2 + 2v2Δ)/(v2 + 4v2Δ) holds. By using cur-
rent data on the ρ-parameter [2], we get κ ≡ √2vΔ/v < 0.01 and
vΔ < 2.5 GeV. There are totally seven physical Higgs bosons in
this model: doubly-charged H++ and H−− , singly-charged H+ and
H− , neutral A0 (CP-odd), and neutral h0 and H0 (CP-even), where
h0 is the SM-like Higgs boson. Except for M2
h0
≈ 2μ2, we get a
quasi-degenerate mass spectrum for other scalars: M2H±± = M2Δ ≈
M2
H0
, M2H± = M2Δ(1 + κ2), and M2A0 = M2Δ(1 + 2κ2). As a conse-
quence, the decay channels H±± → W±H± and H±± → H±H±
are kinematically forbidden. The production of H±± at the LHC
is mainly through qq¯ → γ ∗, Z∗ → H++H−− and qq¯′ → W ∗ →
H±±H∓ processes.
On the neutrino side, we are left with ML, MD and MR from
Eq. (1) after the electroweak symmetry breaking. They form a sym-
metric 6 × 6 matrix M, which can be diagonalized by a unitary
transformation U †MU∗ = Mˆ. Explicitly,
(
V R
S U
)†(
ML MD
MTD MR
)(
V R
S U
)∗
=
(
mˆ 0
0 Mˆ
)
, (4)
mˆ = Diag{m1,m2,m3} and Mˆ = Diag{M1,M2,M3} with mi and
Mi (for i = 1,2,3) being the light and heavy Majorana neu-
trino masses, respectively. In the mass basis, the leptonic charged-
current interactions can be written as
−Lcc = g√
[
e¯LV γ
μνLW
−
μ + e¯LRγ μNLW−μ
]+ h.c. (5)
2Note that V V † + RR† = 1 holds due to the unitarity of U , and thus
the neutrino mixing matrix V itself must be non-unitary [14]. The
unitarity violation of V is characterized by R , which is respon-
sible for the production and decays of heavy Majorana neutrinos
Ni . In the leading-order approximation, the effective mass ma-
trix of three light neutrinos is given by Mν ≈ ML − MDM−1R MTD.
Either ML or MDM
−1
R M
T
D may dominate Mν , but here we focus
on the third possibility: the smallness of Mν arises from a sig-
niﬁcant cancellation between ML and MDM
−1
R M
T
D in the case of
O(Mν)  O(ML) ∼ O(MDM−1R MTD). We admit that a substantial
ﬁne-tuning at the level of O(10−10), which is comparable with the
degree of ﬁne-tuning for the structural cancellation of MD and MR
in the TeV-scale type-I seesaw models [8,9], has to be required in
order to realize this kind of global cancellation.1 Let us reiterate the
key points of our model in the following:
• We assume that both Mi and MΔ are of O(1) TeV. Then the
production of H±± at the LHC is guaranteed, and their lepton-
number-violating signatures will probe the Higgs triplet sector of
the type-II seesaw mechanism. On the other hand, O(MD/MR) 
10% is possible as a result of O(MR) ∼ 1 TeV and O(MD)O(v),
such that appreciable signatures of Ni can be achieved at the LHC.
• The small mass scale of Mν implies that the relation O(ML) ∼
O(MDM−1R MTD) must hold. In other words, it is the signiﬁcant but
incomplete cancellation between ML and MDM
−1
R M
T
D terms that
results in the non-vanishing but tiny masses for three light neutri-
nos.2
In this spirit, ML can be reconstructed via the excellent approxima-
tion ML = V mˆV T + RMˆRT ≈ RMˆRT . The elements of the Yukawa
coupling matrix YΔ are then given by
(YΔ)αβ = (ML)αβ
vΔ
≈
3∑
i=1
Rαi Rβ iMi
vΔ
, (6)
where the subscripts α and β run over e, μ and τ . This result
implies that the leptonic decays of H±± depend on both R and
Mi , which actually determine the production and decays of Ni .
Thus we have established an interesting correlation between the
doubly-charged Higgs bosons and the heavy Majorana neutrinos.
To observe the correlative signatures of H±± and Ni at the LHC
will serve for a direct test of our type-II seesaw model.
We shall subsequently consider the minimal version of the
type-II seesaw models [15], in which there is only one heavy Ma-
jorana neutrino N1 together with the Higgs triplet Δ, to illustrate
how the collider signatures of N1 and H±± are correlated with
each other. In this simple but instructive case, the decay rates of
H±± are given by
(H±± → l±α l±β ) =
M21MΔ
8π(1+ δαβ)v2Δ
|Rα1|2|Rβ1|2, (7)
1 In our model, O(ML) ∼O(MDM−1R MTD) ∼ 1 GeV and O(Mν ) ∼ 0.1 eV hold and
thus the cancellation can be achieved with the precision of O(10−10). It is possible
to realize such a ﬁne cancellation in a more or less natural way by imposing a
certain ﬂavor symmetry on ML , MD and MR and introducing slight perturbations to
them [5]. In doing so, however, one has to be very cautious and should take into
account the effects of radiative corrections to two mass terms [8,9].
2 Note that radiative corrections to Mν can be expressed as δMν ≈ −(MLδL −
MDM
−1
R M
T
DδR), where |δL|  |δR|  10−3 is numerically expected in our model.
Hence Eq. (6) is a good approximation irrelevant to small radiative corrections. Al-
though the magnitude of δMν is likely to be much larger than that of mi (e.g., of
O(1) MeV), it can in principle be suppressed via a kind of more subtle cancella-
tion which may be accomplished by a slight modiﬁcation of the relevant Yukawa
couplings. A detailed analysis of radiative corrections to Mν in the TeV-scale type-II
seesaw model will be presented elsewhere.
W. Chao et al. / Physics Letters B 666 (2008) 451–454 453Fig. 1. (a) The reduced cross sections σN , σH , σW and σpair at the LHC, where M1 and MΔ are the masses of N1 and H±± , respectively. The horizontal dashed (solid) line
corresponds to the cross section σ¯N(H) for one event induced by heavy Majorana neutrinos (doubly-charged Higgs bosons) at the LHC with the integrated luminosity of
300 fb−1. (b) The correlation between the lepton-number-violating signatures of N1 and H±± at the LHC, where s14 = 0, s24 = s34 = 0.1 and vΔ = 1 GeV have typically been
input.which depend on M1 and R in a very obvious way. Since R de-
termines both the strength of non-unitarity of V and that of the
charged-current interactions of N1, it bridges a gap between neu-
trino physics and collider physics.
3. LHC signatures
We ﬁrst look at the production of N1 from proton–proton col-
lisions at the LHC. The dominant channel is pp → l+(−)α N1X →
l+(−)α l+(−)β W−(+)X , in which N1 is on-shell produced. Given the
charged-current interactions in Eq. (5), the total cross section of
this process reads
σ(pp → l+α l+β W−X) ≈ σN ·
|Rα1|2|Rβ1|2
4
∑
γ |Rγ 1|2
, (8)
where σN ≡ σ(pp → l+α N1X)/|Rα1|2 and the narrow-width ap-
proximation has been used. Note that the reduced cross section
σN is independent of any elements of R , and thus it can be com-
puted by taking account of the parton distribution functions and
the mass of N1. If N1 is much heavier than the gauge bosons
and the SM-like Higgs boson, we have Br(N1 → l+W−)  Br(N1 →
ν Z0)  Br(N1 → νh0) ≈ 25% to a very good degree of accuracy [8].
That is why there appears a factor 1/4 on the right-hand side of
Eq. (8).
We proceed to consider the production of H±± and their same-
sign dilepton events at the LHC. In the narrow-width approxima-
tion, three relevant cross sections can be factorized as
σ(pp → l+α l+β H−X) = σH · Br(H++ → l+α l+β ),
σ (pp → l+α l+β W−X) = σW · Br(H++ → l+α l+β ),
σ (pp → l+α l+β H−−X) = σpair · Br(H++ → l+α l+β ), (9)
where σH ≡ σ(pp → H++H−X), σW ≡ σ(pp → H++W−X), and
σpair ≡ σ(pp → H++H−−X). The reduced cross sections σH , σW
and σpair only depend on MΔ and vΔ , and they can be calculated
in a way similar to the calculation of σN . To detect the lepton-
number-violating signals of H±± , we need to take account of their
decay modes. Because of MH±± ≈ MH± , only two decay modes are
kinematically open: H±± → l±α l±β and H±± → W±W± [11,12]. The
leptonic channel is expected to be dominant in our type-II seesaw
model, and a detailed analysis of the branching ratios of H±± de-
cays can be found in Ref. [16].To specify the correlation between the signatures of N1 and
H±± at the LHC, let us parametrize the 3 × 1 complex matrix R
in terms of three rotation angles and three phase angles [14]: R =
(sˆ∗14, c14 sˆ∗24, c14c24 sˆ∗34)T , where ci j ≡ cos θi j and sˆi j ≡ eiδi j si j with
si j ≡ sin θi j (for i j = 14,24,34). A global analysis of current neu-
trino oscillation data and precision electroweak data yields very
stringent constraints on the non-unitarity of the neutrino mix-
ing matrix V , which are equivalent to the constraints on R [17]:
s14s24  7.0 × 10−5 in addition to s214, s224, s234  1.0 × 10−2. On
the other hand, the experimental upper bound on the neutrinoless
double-beta decay requires s214(1+M21/M2Δ)/M1 < 5×10−8 GeV−1,
where both the contributions of N1 and H±± have been taken
into account. Combining all these constraints, we may choose a
typical and self-consistent parameter space of three mixing angles:
s14 ≈ 0, s24 ∈ [0.01,0.1] and s34 ∈ [0.01,0.1] [16]. The decay modes
H±± → e±e± , e±μ± and e±τ± are therefore forbidden, while
Br(H±± → μ±μ±) ≈ s
4
24
(s224 + s234)2
,
Br(H±± → μ±τ±) ≈ 2s
2
24s
2
34
(s224 + s234)2
, (10)
and Br(H±± → τ±τ±) ≈ 1 − Br(H±± → μ±τ±) − Br(H±± →
μ±μ±).
For each lepton-number-violating process pp → l±α l±β X dis-
cussed above, its cross section is actually calculated in the fol-
lowing way:
σ =
∑
a,b
∫
dx1 dx2 Fa/p
(
x1, Q
2) · Fb/p(x2, Q 2) · σˆ (ab → l±α l±β X),
(11)
where F denotes the parton distribution function, x1,2 is the en-
ergy fraction of the partons, Q is the factorization scale, and
σˆ is the partonic cross section. For illustration, we ﬁx s14 = 0,
s24 = s34 = 0.1, Q 2 = x1x2S with
√
S = 14 TeV, vΔ = 1 GeV and
v = 246 GeV in our subsequent numerical calculations. We plot
σN , σH , σW and σpair in Fig. 1(a) by allowing M1 and MΔ to vary
from 200 GeV to 2 TeV. Note again that these reduced cross sec-
tions are independent of si j . In Fig. 1(a), we also show the required
cross sections σ¯N(H) for one pp → μ+μ+X event produced at the
LHC with the integrated luminosity of 300 fb−1 in both the case
of heavy Majorana neutrino N1 (dashed line) and that of doubly-
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deﬁned as follows
σ¯N(H) = 1 event
300 fb−1
1
BN(H)
, (12)
where
BN = |Rα1|
2|Rβ1|2
4
∑
γ |Rγ 1|2
, BH = Br(H++ → μ+μ+). (13)
It is obvious that the production rate of pp → H++W−X is re-
markably smaller than those of other processes and can be ne-
glected. One can ﬁnd from our results that at the LHC, H±± (heavy
Majorana neutrinos) should be observable with the integrated lu-
minosity of 300 fb−1 in the l±l± channel up to the mass of 1.2 TeV
(1.1 TeV). Detailed analysis is not the aim of this Letter and can
be found in our following work. Furthermore, σH is larger than
σpair, and the ratio of σH to σpair lies in the range 1.1 · · ·1.6 for
MΔ ∈ [200 GeV,2 TeV], which is consistent with the previous re-
sults [11,13]. The correlation between the LHC signatures of N1 and
H±± becomes more transparent in
ω1 ≡ σ(pp → μ
+μ+W−X)|N1
σ(pp → μ+μ+H−X)|H++ ,
ω2 ≡ σ(pp → μ
+μ+W−X)|N1
σ(pp → μ+μ+H−−X)|H++ , (14)
which can approximate to ω1 ≈ σN (s224 + s234)/(4σH ) and ω2 ≈
σN (s224 + s234)/(4σpair), respectively. Comparing between Eqs. (8)
and (10), we ﬁnd that ω1,2 is universal for μμ, μτ and ττ modes.
The changes of ω1 and ω2 with M1 are illustrated in Fig. 1(b),
where MΔ = 500 GeV and 1 TeV have typically been input.
Finally, let us make some brief comments on the type-II see-
saw models with two or three heavy Majorana neutrinos. If the
masses of Ni are nearly degenerate, their production cross sections
will be modiﬁed due to either constructive or destructive interfer-
ence between different contributions. In particular, the CP-violating
phases of R will enter the expressions of Br(H±± → l±α l±β ) and
inﬂuence the lepton-number-violating signatures of the doubly-
charged Higgs bosons at the LHC. Because a generic type-II seesaw
model contains many more free parameters even in the case of
ML ≈ RMˆRT , the study of its collider signatures will involve much
more uncertainties. Such an analysis, which is important but be-
yond the scope of this Letter, will be done elsewhere [16].
4. Summary
Motivated by the conjecture that new physics at the TeV scale
might not only solve the naturalness problem of electroweak sym-
metry breaking but also be responsible for the lepton number (ﬂa-
vor) violation, we have explored an intriguing possibility to test the
type-II seesaw mechanism of neutrino mass generation at the LHC.
Our key point is that the mass scales of the SU(2)L Higgs triplet
and heavy Majorana neutrinos are both of O( 1) TeV, and the
smallness of Mν ≈ ML − MDM−1R MTD is attributed to a signiﬁcant
cancellation between its ML and MDM
−1
R M
T
D terms. This obser-
vation allows us to establish an interesting correlation between
the lepton-number-violating signatures of heavy Majorana neutri-
nos Ni and doubly-charged Higgs bosons H±± , but it has nothing
to do with the mass spectrum of three light neutrinos (either a
normal hierarchy or an inverted hierarchy). Taking the minimal
version of the type-II seesaw models for example, we have calcu-
lated the cross sections of pp → l±α l±β X mediated separately by N1and H±± , and illustrated their nontrivial correlation at the LHC.
Our results are quite encouraging, and our analysis can easily be
extended to the more general cases of this class of TeV-scale type-
II seesaw models.
We stress that it is extremely important to search for the correl-
ative collider signatures of Ni and H±± , so as to convincingly and
unambiguously verify the type-II seesaw mechanism. In contrast,
individual signatures of Ni or H±± are only possible to demon-
strate the type-I or triplet seesaw mechanism. We also stress that
the non-unitarity of the 3×3 neutrino mixing matrix is intimately
correlated with the LHC signatures of Ni . This kind of correlation,
which bridges a gap between neutrino physics at low energies and
collider physics at the TeV scale, deserves a lot of further investi-
gation.
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